Abstract-High efficiency phosphorescent blue organic light-emitting diode (OLED) was obtained by incorporating small amino or hydroxyl functional group-modified polymeric nano-dot (APND or HPND) in the hole transporting layer (HTL), poly (ethylenedioxythiophene): poly (styrene sulfonic acid) (PEDOT:PSS). The device comprised a 1250Å anode layer of indium tin oxide, a 350Å HTL of PEDOT:PSS doped with APND or HPND, a 400Å blue emissive layer composed of a molecular host of 4,4'-bis (carbazol-9-yl) biphenyl doped with 14 wt% blue dye of bis (3,5-difluoro-2-(2-pyridyl)-phenyl-(2-carboxypyridyl) iridium (III), a 320Å electron-transporting layer of 2, 2 , 2 -(1, 3, 5-benzenetriyl)-tris (1-phenyl-1-H-benzimidazole), a 7Å electron-injection layer of lithium fluoride and a 1500Å cathode layer of aluminum. The resultant power efficiency at 100 cd/m 2 , for example, was increased from 12.0 to 25.9 lm/W, an increase of 116%, as 7 wt% APND of 8 nm in size was added. By employing 7 wt% HPND, the power-efficiency was 21.7 lm/W. The resultant luminance markedly increased with the incorporation of the PND. Whilst,the corresponding current density continuously decreased. These results indicate that the marked efficiency improvement may be attributed to a better balance of carrier-injection resulted from the hole-blocking-function possessed APND and the hole-trapping-function possessed HPND, which respectively exhibited positive and negative charge on the surface. Moreover, the chromaticity coordinate at 100 cd/m 2 , for example, was (0.19, 0.34), barely changed in the presence of the nano-dots. Importantly, since the nano-dot was not employed in the emissive layer, the same concept may be applied to fluorescent blue or other OLEDs.
INTRODUCTION
Organic light-emitting diodes (OLEDs) are increasingly attracting interest because of their high potential as flat-panel displays and for liquid-crystal-display backlighting and area illumination. [1] [2] [3] [4] These applications require highly efficient OLEDs. Numerous approaches have been reported to improve the efficiency, such as the use of electroluminescence (EL) efficient phosphorescent and/or fluorescent materials [4] , coupled with appropriate device architectures. Efficient devices typically possess optimized device-thickness, low carrier-injection-barrier, effective carrier/excitonconfinement, highly efficient host-to-guest energy-transfer and balanced carrier-injection. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Recently, the incorporation of quantum-or nano-dot in the emissive or another layer has been found to be effective for some OLED devices. [13] [14] [15] [16] [17] [18] However, the mechanism of this improvement is not yet clear. A homogeneous distribution of the embedded nano-dots may also be crucial, which restrains the use of a dry-process for their incorporation. In order to obtain high efficiency, OLED devices must frequently be kept relatively thin, which would consequently limit the use of large nano-dots.
In this letter, we present phosphorescent blue OLEDs with marked efficiency-improvement obtained by incorporating small amino or hydroxyl functional group-modified polymeric nano-dot ( APND or HPND) in the hole transporting layer (HTL), poly(ethylenedioxythiophene): poly(styrene sulfonic acid) (PEDOT:PSS). The effect of the concentration of these two polymeric nano-dot (PND) on the electroluminescent (EL) characteristics of the resultant devices was examined. The resultant power efficiency at 100 cd/m 2 , for example, was increased from 12.0 to 25.9 lm/W, an increase of 116%, as 7 wt% APND of 8 nm in size was added. By employing 7 wt% HPND, the power-efficiency was 21.7 lm/W. The resultant electro-luminescent characteristics were determined by using Minolta CS100A luminance meter and KEITHLEY 2400 source meter. All the measurements were carried out at the ambient condition. The PNDs were prepared by hydrolysis and condensation of sodium metasilicate. [19] To examine the doping effect, APND and HPND with size of 8 nm were synthesized. Figure 2 shows a schematic illustration of the molecular structure and transmission electron microscopic (TEM) image of the synthesized PND. The resultant APND or HPND also exhibited positive or negative charge as determined by the value of their zeta potential measured with a Nano ZS ZEN-3600. Figure 3 shows the power efficiency of the blue OLEDs with and without the incorporation of the 8 nm APND or HPND. The power efficiency increased as the PND was employed. Without the incorporation of PND, the power efficiency at 100 cd/m 2 , for example, was 12.0 lm/W. The power efficiency became 25.9 lm/W, an increase of 116%, as APND was added. By employing HPND, the power efficiency was 21.7 lm/W. Figure 3 also shows the effects of the employed PND on the current density and luminance of the blue OLEDs. The current density decreased as APND or HPND was added, indicating that the PND had effectively reduced the injection of hole-carrier. The incorporation of titanium oxide nano-dot in a separated layer of a green OLED was found to enhance the injection of hole caused by tunneling effect as revealed by the marked increase of current density and decrease of turnon voltage. [11] [12] [13] However, in the present work the turn-on voltage did not change much with the incorporation of PND with various different concentrations, revealing the absence of tunneling effect. The size of the PND, 8 nm, was much smaller than the 35 nm thickness of the PEDOT:PSS HTL, so that the PND was presumably well embedded within the HTL. The turn-on voltage described herein was defined as the voltage at which the luminance is equal to or greater than 10 cd/m 2 . The resultant luminance, especially at voltage between 4.5 to 6 V, did not decrease, but increased obviously with the incorporation of APND or HPND. This indicates that higher carrierrecombination efficiency was resulted from the addition of the PND, since its corresponding current density was comparatively lower than that of its counterpart without PND incorporation.
HO
The effect of concentration of PND on the EL characteristics of the blue OLEDs was shown in Table 1 . The power efficiency at 100 cd/m 2 , for example, increased from 12.0 to 20.3 lm/W as 0.7 wt% APND was added. It was further increased to 25.9 lm/W as 7.0 wt% APND was incorporated. By increasing the PND concentration to 70 wt%, the power efficiency dropped to 15.4 lm/W. Similarly, the power efficiency was strongly depended on the concentration of the incorporated HPND. Moreover, the chromaticity coordinate at 100 cd/m 2 , for example, was (0.19, 0.34), barely changed in the presence of the PND, as also shown in Table 1 .
These results indicate that the marked efficiency improvement may be attributed to a better balance of carrier-injection resulted from the hole-blocking-function possessed APND and the hole- trapping-function possessed HPND, which respectively exhibited positive and negative charge on the surface. Importantly, since the nano-dot was not employed in the emissive layer, the same concept may be applied to fluorescent type OLEDs.
CONCLUSIONS
In conclusion, a novel small PND was synthesized and added in the hole transporting layer, PE-DOT:PSS, to markedly improve the efficiency of phosphorescent blue OLEDs. The device efficiency was strongly dependent on the concentration of the PND. The resultant power efficiency at 100 cd/m 2 , for example, was increased from 12.0 to 25.9 lm/W, an increase of 116%, as 7 wt% APND of 8 nm in size was added. By employing 7 wt% HPND, the power-efficiency was 21.7 lm/W. These results indicate that the marked efficiency improvement may be attributed to a better balance of carrier-injection resulted from the hole-blocking-function possessed APND and the hole-trappingfunction possessed HPND. Importantly, since the nano-dot was not employed in the emissive layer, the same concept may be applied to fluorescent type OLEDs.
